Introduction
Perchlorate (ClO 4 À ) is an oxidizing anion, which is commonly used in the form of ammonium perchlorate in rocket fuels, air bags, road flares, and other industrial applications (Urbansky, 1998) . Since the introduction of an analytical method that can measure perchlorate accurately at mg/L levels (USEPA, 1997), perchlorate has been reported to be present in many drinking water sources (Gullick et al., 2001) . Removal of perchlorate from drinking water sources can be achieved using abiotic processes, such as ion exchange (Roquebert et al., 2000; Urbansky, 1998) , reverse osmosis (Urbansky, 1998) (Roquebert et al., 2000) , and tailored activated carbon (Chen et al., 2005; Parette and Cannon, 2005) , in addition to a range of biological processes. Biological reduction of perchlorate is carried out by perchlorate-reducing bacteria which can use perchlorate as an electron acceptor (Achenbach et al., 2001; Coates et al., 1999; Rikken et al., 1996) . Compared to abiotic processes, biological processes can convert perchlorate to non-toxic chloride without generating waste streams that contain high concentrations of perchlorate or brines from regenerating ion exchange resins. Another advantage of biological treatment is that, in addition to perchlorate, other contaminants such as nitrate and bromate can be reduced in the same system (Nerenberg and Rittmann, 2004) . While the reduction of these other contaminants is desirable, these oxidized compounds will compete with perchlorate for electron donors. In perchlorate-contaminated drinking water, the dominant competing electron acceptors are typically oxygen and nitrate. Microbial reduction of perchlorate is inhibited by high concentrations of oxygen and nitrate (Coates and Achenbach, 2004) and the application of biological processes for drinking water treatment may be problematic in case of variable influent oxygen or nitrate concentrations.
Biological removal of perchlorate has been evaluated in biofilm reactors using different carrier media including plastic (Min et al., 2004) , sand (Min et al., 2004) , Celite (Losi et al., 2002) , and granular activated carbon (GAC) (Brown et al., 2002) for fixed bed reactors, and sand and GAC for fluidized bed reactors (McCarty and Meyer, 2005; Sutton, 2006) . Other reactor configurations include membrane diffuser biofilm reactors (Nerenberg et al., 2002) and ion exchange membrane bioreactor (Matos et al., 2006) . Advantages of using GAC as a carrier medium include the widespread application of GAC in drinking water treatment plants where existing GAC filters can easily be retrofitted to operate as biologically active carbon (BAC) reactors. In 2004, the California Department of Health Services issued a conditional approval of biological removal of perchlorate from drinking water sources using fixed bed BAC (CADHS, 2004) .
Not only can GAC be used to support the growth of biofilms, but sorption by GAC has been shown to complement biological removal in BAC reactors under dynamic loading conditions (Hanaki et al., 1997; Herzberg et al., 2003; Jaar and Wilderer, 1992; Sutton, 2006) . Based on mathematical modeling, Herzberg et al. (2003) showed that the sorptive capacity of GAC can be beneficial by serving as a temporary sink for contaminants and then allowing biological degradation of the sorbed contaminants. They demonstrated that sorption, intraparticle diffusion, and desorption resulted in increased biofilm activity on the GAC compared to non-absorbing carrier media. Kim and Logan (2000) , however, pointed out a potential problem related to using GAC as a temporary sink. They observed increased effluent perchlorate concentrations after backwash and redistribution of the GAC within the reactor, and attributed increased effluent concentrations to the desorption of perchlorate from GAC. A better understanding of the interactions between sorption, desorption, biological processes, and reactor operation is needed to make use of the sorptive capacity to improve reactor performance (Sutton, 2006) .
In addition to the direct benefits of acting as a temporary sink of target contaminants, the sorptive capacity of GAC should be able to enhance biological perchlorate removal indirectly by lowering the concentration of oxygen, the competing electron acceptor, through chemisorption. Molecular oxygen can be irreversibly removed by interacting with the GAC surface (Abuzaid and Nakhla, 1994; Prober et al., 1975) : one oxygen molecule and two carbon atoms form two C-O bonds (Zhu et al., 2000) . Also, oxygen can be removed by reacting with surface CQO groups to form carboxylic acid groups (Prober et al., 1975) . Prober and coworkers showed that chemisorption of oxygen can sustain as much as 6000 bed volumes with 10-40 mg oxygen removed per g of carbon. However, it is not clear to what extent this capacity can be regenerated through physical, chemical, or biological processes. The purpose of the current study was to examine how chemisorption of oxygen on GAC affects biological perchlorate reduction in a BAC filter. To study the specific effects of chemisorption, two identical laboratory-scale biofilm reactors were operated using GAC or glass beads as sorptive or nonsorptive carrier media, respectively. The effects of the sorption capacity of the GAC were evaluated by comparing oxygen and perchlorate removal during short-and long-term exposure to increased influent dissolved oxygen (DO) concentrations and during electron donor failure conditions.
2.
Materials and methods
Reactor setup and influent composition
The two laboratory-scale fixed bed biofilm reactors had an inner diameter of 2.4 cm and a length of 14 cm, which resulted in an empty bed volume of 63.4 mL. One reactor was filled with GAC (Norit model RO 0.8, Amersfoort, The Netherlands); the other reactor was filled with glass beads (1-mm glass beads, etched using 0.25% HF for 1 h to allow for a better adhesion of bacteria). Both reactors were operated in an upflow mode with completely mixed bulk-phase conditions by adding a recirculation loop with a flow rate (Q recirculation ) five times of the influent flow rate (Q influent ¼ 2.7 mL/min). This corresponds to an empty bed contact time of 23.5 min. The BAC reactor was seeded using biomass collected from two other BAC reactors: one had been fed Urbana (IL) tap water amended with acetate at a concentration of 2 mg/L as C and 50 mg/L perchlorate (Brown et al., 2002) , the other had been fed Urbana groundwater amended with 50 mg/L perchlorate (Lin, 2004) . Sorption capacities of the GAC for perchlorate and oxygen were exhausted before initial start-up by recirculating water containing 50 mg/L of perchlorate and saturated by oxygen through the reactor. The glass bead reactor was seeded using biomass from a previously operated 3-mm glass bead reactor, which had been seeded with biomass from the BAC reactor used in the current study. The synthetic influent was prepared with deionized water and contained 50 mg/L perchlorate, 0.15 mg/L of NH 4 Cl as N, and 0.5 mM phosphate buffer to maintain a pH of 7.5. The influent DO level was adjusted to values between 1 and 8.5 mg/L by purging the influent with N 2 gas. After purging, the influent was isolated from ambient air using a floating lid. Acetate, the sole electron donor, was provided with a syringe pump and mixed with the synthetic influent immediately before it entered the reactors. The final concentration of acetate entering the reactors was 2 mg/L as C.
Reactor operation
Backwash was performed by pouring the content of each reactor into a 600 mL beaker, adding 125 mL of collected effluent, and stirring with a 7.5 cm long magnetic stir bar at 150 revolutions per minute (RPM) for 1 min. After the supernatant was decanted, another 125 mL effluent was added to the beaker and the rest of the procedure was repeated. Then the reactor contents were poured back to the reactors. This type of backwash was defined as a ''normal backwash''. For a strong backwash, the contents of the reactors were stirred at 200 RPM for 1 min, followed by decanting of the supernatant; this process was repeated four times. Prior to this study, both the BAC and the glass bead reactors were operated with influent acetate and DO concentrations of 2 mg/L as C and 1 mg/L, respectively. Experiments were initiated ( ¼ day 0) after both reactors had been consistently removing perchlorate to below 1 mg/L for at least 1 month. The influent DO level for the BAC reactor was increased from 1 to 4, 6, and 8 mg/L for 12-h periods on days 8, 9, and 14, respectively. On day 15, a normal backwash was conducted and then the influent DO level was increased again to 8 mg/L for a 12-h period. On day 17, a strong backwash was conducted. Finally, the influent DO level was increased again to 8 mg/L for 12 h. The glass bead reactor also was exposed to transient DO increases from 1 to 4, 6, and 8 mg/L for 12-h periods on days 256, 279, and 22, respectively. GAC and glass bead reactors were not operated side-by-side and the sequences of experiments in both reactors were different. However, the reactors were operated according to the stated baseline operating conditions and complete perchlorate removal was accomplished for at least 7 days prior to each experiment. Following a normal backwash of the glass bead reactor on day 25, the influent DO concentration was increased again to 8 mg/L for 12 h on day 26.
To study the responses of the BAC reactor to long-term exposures to high DO concentrations, the influent DO level was increased from 1 to 8.5 mg/L for 23 days starting on day 22. Then the influent DO level was decreased to 1 mg/L on day 45, and increased again to 8.5 mg/L on day 48 for 6 days. A normal backwash was performed on day 53 to test if detachment of biomass would influence the chemisorption capacity. To verify that perchlorate removal was the result of microbial activity, acetate addition was stopped for 4.5 days starting on day 60 for the BAC reactor and on day 364 for the glass bead reactor.
2.3.
Chemical analyses DO concentrations were measured using galvanic oxygen sensors (WTW CellOx 325 with Oxi 340i, Weilheim, Germany) and flow cells (WTW model D201, Weilheim, Germany) connected to reactor effluents. The detection limit for DO measurement was 0.01 mg/L. Perchlorate was measured using an ion chromatograph (Dionex ICS-2000, Sunnyvale, CA) with an AS50 autosampler and a conductivity detector. An AS16 column and an AG16 guard column were used and the detection limit was 1 mg/L. The eluent was 65 mM KOH at a flow rate of 1.2 mL/min and the injection volume was 990 mL. Dissolved organic carbon (DOC) was measured using a UV-Persulfate TOC Analyzer (Tekmar-Dohrmann Phoenix 8000, Mason, OH) with a detection limit of 0.2 mg/L as C. Volatile suspended solids (VSS) were measured according to Standard Methods (APHA et al., 1998) . The pressure drop across the BAC bed was measured using glycerin-filled pressure gauges (Lenz Inc., Dayton, OH).
Clone libraries and phylogenetic analysis
Biomass samples were collected during backwashing from the BAC reactor on days 17 and 53, and from the glass bead reactor on day 388. For both reactors, biomass was first sampled after the reactors had achieved complete perchlorate removal for at least 7 days. DNA was extracted from these samples using a Mo Bio Ultra Clean Soil DNA Extraction Kit (Mo Bio Laboratories, Carlsbad, CA), quantified using a NanoDrop 1000 (NanoDrop Technology, Wilmington, DE), and checked for DNA integrity by electrophoresis on a 1% agarose gel. Each DNA extract was PCR amplified in triplicate using bacterial primer 8F (5
and universal primer 1492R (5 0 -GG(C/T)TACCTTGTTACGACTT-3 0 ) (Richardson et al., 2002) , which were synthesized by Invitrogen (Carlsbad, CA). The protocol of the PCR reaction was adopted from the work by Dojka et al. (1998) . The reagents used in the PCR reaction were from Takara (Takara Inc., Japan). Pooled PCR products were loaded on an agarose gel and bands of the appropriate size were cut. Purified PCR products were extracted from the gel bands using MinElute Gel Extraction Kit (QIAGEN Inc, Valencia, CA), cloned into vectors, and transformed into competent Escherichia coli cells using TOPO TA Cloning Kit for Sequencing (Invitrogen, Carlsbad, CA). A total of 192 clones in glycerol stocks were submitted for each clone library for bi-directional sequencing (Genome Sequencing Center at Washington University, St. Louis, MO). Raw data from sequencing in both forward and backward direction were evaluated using the Ribosomal Database Project II (RDP) Pipeline to remove vector sequences (Cole et al., 2007) . Either forward or backward sequences were used in this analysis, depending on which direction resulted in a higher number of sequences of good quality. The phylogenetic classification of the clones was conducted using the ''Classification'' function under ''MyRDP'' in RDP. Comparisons between two libraries were made using the ''Library Compare'' function in RDP.
Results

Short-term increase of influent DO levels
For the baseline condition with an influent DO concentration of 1 mg/L and an acetate concentration of 2 mg/L as C, the BAC reactor reliably reduced perchlorate to below the detection limit of 1 mg/L for more than 1 month (data not shown) before the start of the experiment. When the influent DO level was increased to 4, 6, and 8 mg/L for 12-h periods, effluent DO concentrations increased to 0.1, 0.2, and 0.4 mg/L, respectively, and effluent perchlorate concentrations increased to 10-13 mg/L (Fig. 1) . Thus, even with increased influent DO concentrations, the BAC reactor was able to remove more than 90% of the influent DO and 75-80% of the influent perchlorate. When the influent DO level was lowered to 1 mg/L following each 12-h period, effluent DO concentrations rapidly decreased to non-detectable levels and perchlorate was removed to below detection limit within 2 h. Assuming a net yield of 0.4 g COD biomass /g COD acetate , an acetate concentration of 2 mg/L as C can reduce 3.2 mg/L of DO. Thus, if chemisorption is not considered, for influent DO levels of 4, 6, and 8 mg/L the expected effluent (or bulk liquid) DO concentrations should be 0.8, 2.8, and 4.8 mg/L, respectively. However, the observed effluent DO concentrations were much lower than these expected values. Control experiments using virgin GAC demonstrated that more than 4.7 mg of O 2 can be removed abiotically per gram of GAC through chemisorption (data not shown). Based on this capacity, chemisorption could in fact account for the observed increased removal of DO from bulk liquid.
For the glass bead reactor, similar short-term (12 h) increases in influent DO levels to 4, 6, and 8 mg/L resulted in effluent DO concentrations of approximately 0.8, 2.6, and 3.5 mg/L, respectively (Fig. 2) . These observed effluent DO concentrations were much closer to the expected effluent DO values, assuming biological reduction as the only sink for oxygen. Furthermore, during these short-term increases in influent DO levels, perchlorate removal was compromised and the effluent perchlorate levels were close to the influent concentrations of 50 mg/L.
Regular backwash is necessary in operating fixed bed biofilm reactors, as it can remove biomass in excess and to avoid clogging (Niquette et al., 1998) . A normal backwash was conducted in the BAC reactor on Day 15 (Fig. 1) . The amount of biomass detached was 63.6 mg VSS and the pressure drop across the bed decreased from 48 kPa before to below the detection limit of 0.7 kPa after backwash. Even though the amount of biomass was reduced during backwashing, no perchlorate was observed in the effluent of the BAC reactor after the backwash or even during the 12-h period when the influent DO level was raised again to 8 mg/L. During the strong backwash on day 17, the amount of biomass removed was too low to be quantified using VSS measurements. Despite the additional removal of biomass, no perchlorate was observed in the effluent after the strong backwash and after the DO level was increased to 8 mg/L (Fig. 1) . Effluent DO concentrations were approximately 0.12 mg/L during the last two 12-h periods when the influent DO level was at 8 mg/L. These effluent DO concentrations were much lower than those observed during the first 12-h period of 8 mg/L influent DO, but they were similar to those observed during the 12-h period of 4 mg/L influent DO on day 8 (Fig. 1 ) when incomplete perchlorate reduction was observed. The improved removal of both oxygen and perchlorate after backwashing indicates that perchlorate removal may have been accomplished through a combination of direct adsorption of perchlorate and biological perchlorate reduction under low bulk-phase DO levels that were the result of oxygen removal through chemisorption. Backwashing likely resulted in a decrease in biofilm coverage on GAC surface (patchy biofilms), and thus more GAC surface became available for sorption of oxygen and perchlorate, which resulted in improved perchlorate removal after backwashing (Herzberg et al., 2003) . Backwashing of the glass bead reactor resulted in increases of both perchlorate and oxygen concentrations in the effluent (Fig. 2) . During the 12-h increase in influent DO levels to 8 mg/L on day 22, the effluent DO concentration was approximately 3.5 mg/L. During the 12-h increase in influent DO level to 8 mg/L on day 26, after the normal backwash on day 25, effluent DO concentrations were approximately 5 mg/L, close to the expected value of 4.5 mg/L. For the glass bead reactor, a larger amount of biomass in the reactor before backwashing resulted in greater DO removal (day 22) compared to the DO removal after backwashing (day 26), which is opposite to what was observed for the BAC reactor.
3.2.
Long-term increase of influent DO levels
Long-term effects of increased influent DO levels were evaluated by operating the BAC reactor with an influent DO concentration of 8.5 mg/L for a period of 23 days (Fig. 3) . During this time, effluent perchlorate concentrations increased steadily and reached about 30 mg/L. Effluent DO concentrations remained low (o0.12 mg/L) during the first 8 days of this period and began to increase after day 31. The increase in effluent DO concentrations correlated with a decrease in effluent DOC concentrations. The correlation can be explained by the depletion of GAC sorptive capacity, which resulted in an increased amount of DO in the bulk liquid that was available for biological oxidation of dissolved organics. The observed increase in effluent perchlorate concentrations over time did not appear to be affected by the changes in effluent DO and DOC levels. The pressure drop across the bed also gradually increased, from below the detection limit to 48 kPa as a result of biofilm growth within the reactor. When the influent DO level was decreased to 1 mg/L on day 46 (baseline conditions), the effluent perchlorate concentrations dropped immediately to 20 mg/L and then decreased slowly. It required 2.5 days to lower the effluent perchlorate concentration to below the detection limit. This is in contrast with the results obtained after the short-term exposure to increased influent DO level at 8 mg/L when perchlorate reduction was fully restored within 2 h (Fig. 1) .
As soon as complete perchlorate reduction was restored on day 48, the influent DO level was increased again to 8.5 mg/L to test if the oxygen chemisorption capacity was restored during the 2.5 days of low (1 mg/L) influent DO levels (Fig. 3) . Unlike the gradual increase observed after the increase in the influent DO on day 23, the effluent perchlorate concentrations immediately increased to about 20 mg/L on day 48. This level is equal to the effluent perchlorate concentrations 13 days into the first long-term DO experiment, and perchlorate concentrations only slightly increased in the subsequent 5 days. The effluent DO concentrations increased within 2 days to 2.5 mg/L, the same level that was only reached on day 46, which corresponds to 23 days of the first period operating with high influent DO concentrations. These results demonstrate that the chemisorption capacity for both oxygen and perchlorate were depleted during the first 23 days of operation at high influent DO levels and that only part of the capacity was regenerated during the 2.5 days of operation at low DO conditions.
To examine the effects of backwashing on perchlorate removal after the chemisorption capacity of GAC was depleted, the BAC reactor was backwashed on day 53, while influent DO concentrations were maintained at 8.5 mg/L (Fig. 3) . After backwashing, effluent DO and perchlorate concentrations remained high. This was different from the two backwash events in Fig. 1 , after which the BAC reactor was able to remove both DO and perchlorate to low levels under influent DO level at 8 mg/L. This comparison suggests that once the sorptive capacity of GAC was depleted, the reactor lost the ability to lower DO and perchlorate levels when influent DO levels were high.
ARTICLE IN PRESS
Operation without electron donor addition
Prior to evaluating operation without electron donor addition, the BAC and glass bead reactors were operated with an influent DO level of 1 mg/L and achieved complete perchlorate removal for 7 and 6 days, respectively (Fig. 4) . Eliminating acetate addition for a 4.5-day period resulted in increases of effluent perchlorate concentrations in both reactors. However, the increase was much slower for the BAC reactor compared to the glass bead reactor. Near the end of the 4.5-day period, effluent perchlorate concentrations were about 30 and 45 mg/L in BAC and glass bead reactors, respectively. There was no increase in effluent DO concentrations for the BAC reactor (except for one outlier), while there was an immediate increase in the glass bead reactor and the effluent DO level reached 0.4 mg/L at the end of the experiment. Following electron donor addition, effluent perchlorate concentrations decreased rapidly in both reactors.
Clone library results for the BAC and glass bead reactors
The composition of the microbial communities in the BAC and glass bead reactors was compared based on clone library results (Table 1) . For the baseline operating conditions, the microbial communities contained large numbers of Betaproteobacteria (62.2% and 64.3% of total identified clones in the BAC and the glass bead reactor, respectively). Dechloromonas was the only known genus of perchlorate-reducing bacteria found in the clone libraries, and accounted for 11.7% and 13.2% of the total clones in the BAC and the glass bead reactors, respectively. The genus Zoogloea, which also belongs to the Betaproteobacteria, was the most abundant bacterial genus in both reactors.
The structure of the bacterial community in the BAC reactor changed after the reactor had been exposed to increased influent DO concentrations for an extended period of time (day 53 in Fig. 3 ). The abundance of the Betaproteobacteria decreased substantially. During the same time period, the numbers of clones that were associated with the phyla Bacteroidetes and Verrucomicrobia increased. Within the Betaproteobacteria, the clones related to the genera Dechloromonas and Zoogloea decreased from 11.7% to 1.7% and from 30.6% to 10.1%, respectively.
Discussion
Combined effects of oxygen chemisorption and direct sorption of perchlorate
Comparing the performances of the BAC and the glass bead reactors demonstrated that a sorptive carrier medium can enhance perchlorate removal substantially when reactors are exposed to increased DO concentrations. Under optimized operating conditions, the overall performance and the composition of the microbial community were similar in both reactors. Complete perchlorate and oxygen removal was achieved with acetate added as the electron donor in excess, 3.2 times the stoichiometric requirement. Different from the glass bead reactor, the BAC reactor maintained substantial perchlorate and oxygen removal rate during periods of increased influent DO concentrations when acetate addition was below the stoichiometric requirement (40-80% of the requirement). This study demonstrated that sorption could support biological processes during dynamic reactor operations, such as increased influent DO concentrations and operation without electron donor addition-conditions that both resulted in substrate limitation for biological perchlorate removal. Sorptive properties of GAC supported perchlorate removal most likely through a combination of oxygen chemisorption, which reduces bulk-phase DO concentrations and thus enhances biological perchlorate removal, and direct sorption of perchlorate. In the glass bead reactor, without any sorptive capacity, both the increase of influent DO concentrations and the operation without electron donor addition resulted in the complete breakthrough of perchlorate. The situation was different for the BAC reactor. Operation without electron donor addition resulted in increased effluent perchlorate concentrations up to 30 mg/L and no increase in effluent DO concentrations (Fig. 4) . These results demonstrate that sorption within the BAC, without biological perchlorate reduction, cannot remove perchlorate completely to below the detection limit. With baseline acetate addition and influent DO concentrations of 8 mg/L, complete removal of both DO and perchlorate was achieved (Fig. 1) . The addition of a limited amount of electron donor (40% of the stoichiometric requirement) combined with oxygen removal through chemisorption resulted in sufficient biological perchlorate removal to achieve effluent concentrations below the detection limit in the BAC but not in the glass bead reactor.
ARTICLE IN PRESS
Reduced bulk-phase DO concentrations in the BAC reactor alone, however, cannot explain the observed perchlorate removal. Bulk-phase DO concentrations on days 8 and 17 were approximately 0.1 mg/L, but complete perchlorate removal was observed on day 17, whereas the effluent perchlorate concentration on day 8 was approximately 10 mg/L (Fig. 1) . The improved perchlorate removal on day 17 can be explained by the two backwash events on days 15 and 17, which likely resulted in an increased GAC surface area that was accessible not only for oxygen chemisorption but also for direct sorptive removal of perchlorate.
4.2.
Advantages and disadvantages of sorptive support medium for perchlorate removal
In the literature there is no consensus on the benefits of sorptive support media and only limited information on the mechanisms of how biological perchlorate reduction can be supported by using sorptive biofilm support media is available. Sutton (2006) suggested that biological reduction should be supplemented with physico-chemical removal using for example GAC as a support medium. GAC could be beneficial both as a temporary sink and also to help increase local perchlorate concentrations on the GAC surface as the result of adsorption and desorption of perchlorate. This mechanism of temporary sorption to increase local perchlorate concentrations had been suggested by Herzberg et al. (2003) . Other studies evaluating BAC reactors for perchlorate removal did not discuss possible effects of temporary sorption on reactor performance (Hatzinger, 2005; McCarty and Meyer, 2005) . Kim and Logan (2000) went so far as to discourage the use of GAC due to negative effects of desorption of perchlorate in a BAC reactor after backwashing. In their study, plug flow condition in the fixed bed reactor exposed BAC at the inlet of the reactor to high perchlorate concentrations. After backwashing and redistribution of filter media within the reactor, desorption of previously sorbed perchlorate close to the outlet of the reactor could not be reduced biologically and resulted in increased effluent perchlorate concentrations after backwashing. Thus, while plug flow conditions can be advantageous for biological processes due to higher substrate concentrations resulting in higher removal rates near the inlet of a reactor, these concentration gradients along the length of the reactor also have drawbacks. These drawbacks include the involuntary shuttling of sorbed perchlorate into the effluent, as described above, and heterogeneous biomass distributions. Choi and Silverstein (2007) have shown that completely mixed reactors (e.g., gas lift reactors or fixed bed reactors with recirculation) can provide a more even distribution of biomass and avoid the problem of increased effluent perchlorate concentrations after backwashing.
The discussion of sorption and desorption in this study was focused on macro-scale effects of the overall removal of perchlorate and oxygen from the bulk phase. This leads to interesting research questions to understand the influence of biofilm coverage, sorption, intraparticle diffusion, and mass transport within the GAC particle on the local availability of substrates for biological perchlorate removal (Herzberg et al., 2003) . Another question that requires further research is the rate and extent of regeneration of the sorption capacity for both perchlorate and oxygen. Partial regeneration of oxygen chemisorption over a period of 2.5 days was observed in Fig. 3 . Long-term regeneration of sorption capacities over the course of reactor operation was demonstrated, as the sorption capacities of the GAC for oxygen and perchlorate had been exhausted before start-up and were regenerated over the course of reactor operation. The rate of regeneration of the sorption capacities was, however, not evaluated in this study.
Critical bulk-phase oxygen concentrations for perchlorate removal
This study demonstrated that chemisorption of oxygen resulted in reduced bulk-phase oxygen concentrations to sufficiently low levels so that biological perchlorate reduction could occur (approx. 0.05 mg DO/L). McCarty and Meyer (2005) used a fluidized bed reactor for perchlorate removal from groundwater. They observed perchlorate removal within the first 25 cm of the reactor where bulk-phase DO concentrations were greater than 2 mg/L as long as sufficient electron donor was present. McCarty and Meyer (2005) explained this perchlorate reduction in the presence of relatively high bulk-phase DO concentrations based on mass transferlimited anaerobic zones inside the biofilm. Complete overall perchlorate removal in their reactor was, however, associated with low effluent DO and nitrate concentrations of 0.1 and 0.01 mg/L, respectively. The extent to which perchlorate removal can occur at elevated bulk-phase DO concentrations depends on the biofilm structure (i.e, the biofilm needs to be sufficiently thick to allow for the development of anaerobic zones) and the electron donor to acceptor ratio in the bulk phase McCarty and Meyer, 2005) . In most reactor studies, information on biofilm structure is not reported. For fixed bed reactors, as in the current study, representative sampling of GAC with attached biofilm without disturbing the biofilm structure is usually difficult. This study focused on evaluating the feasibility of oxygen chemisorption on perchlorate removal. Further research needs to evaluate the influence of the type of reactor, reactor operation, and the resulting biofilm structure on the interactions between sorption/desorption on GAC surface and biological reduction processes.
4.4.
Microbial community structure
Our study showed that Dechloromonas spp were the only known perchlorate-reducing bacteria in the two bioreactors, both of which used acetate as the sole electron donor. The importance of Dechloromonas spp. in perchlorate-reducing systems had also been suggested by Zhang et al. (2005) , who evaluated the microbial community in an acetate-fed pilot-scale fixed bed bioreactor. In their study, based on the results from fluorescence in situ hybridization, Zhang and coworkers reported that Dechloromonas spp. accounted for about 23% and 1% of the bacterial populations at the surface and at the bottom of the biofilm, respectively. In comparison, based on clone library results, we reported the relative abundances of Dechloromonas as 11.7% and 13.2% in the BAC and the glass bead reactors, respectively. Zhang and coworkers also reported Dechlorosoma spp. to be present at low abundance in their system, while we did not detect any Dechlorosoma spp. in our systems (note that the Dechlorosoma genus has been renamed as Azospira; Dechlorosoma suillum (Achenbach et al., 2001 ) is a later subjective synonym of Azospira oryzae (Reinhold-Hurek and Hurek, 2000) ).
The relative abundances of perchlorate-reducing bacteria in the BAC and the glass bead reactors should not be considered low, because the influent perchlorate concentration was low compared to the influent DO level (i.e., 50 vs. 1000 mg/L), and the microbial communities in the two reactors likely did not need to maintain large perchlorate-reducing bacterial populations to reduce the small amount of perchlorate. Finally, for the baseline operation condition, the levels of the most abundant bacterial populations were similar in the two reactors, while some less abundant bacterial populations were shown to be present in the BAC reactor only. We speculate that the roughness of the GAC surface provides a wider range of environmental niches than the glass surface, resulting in a more diverse microbial community in the GAC biofilm compared to the biofilm in the glass bead reactor. The observation of similar major bacterial populations in the two reactors supported our conclusion that the differences in the response of both reactors to short-term exposure to increased DO levels (Figs. 1 and 2) were due to the sorptive nature of GAC rather than to differences in microbial composition. The change in the microbial community after long-term exposure to increased DO concentrations (Fig. 3 ) demonstrated a direct influence of reactor operation on the competition of perchlorate-reducing bacteria with other heterotrophic bacteria.
Conclusions
This is the first report demonstrating that using a sorptive biofilm support medium can enhance biological perchlorate reduction through chemisorption of oxygen (the competing electron acceptor), in addition to the removal of perchlorate by direct sorption. Substantial removal of both oxygen and perchlorate was achieved for short periods (12 h) with influent DO concentrations of up to 8 mg/L in the BAC reactor. Using a non-sorptive support medium, complete breakthrough of perchlorate was observed for increased influent DO concentrations. During long-term exposure (23 d), the sorptive removal of DO and perchlorate slowly decreased. Application of sorptive support media is advantageous for biofilm reactors exposed to transient operating conditions, such as variable influent DO levels, reactor backwashing, and periods without electron donor addition. Partial regeneration of the sorption capacity was observed after long-term exposure to increased influent DO levels but mechanisms and kinetics of this regeneration should be further evaluated.
